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Description 



AUTOMATIC GAIN CONTROL OF 
MULTIPLE ANTENNA OFDM RECEIVER 

Cross Reference To Related Applications 

[0001] This is a continuation-in-part of Application No. 

10/249,557, filed 04/17/2003, which is included in its 

entirety herein by reference. 
Background of Invention 

[0002] i. Field of the Invention 

[0003] The present invention relates to a wireless communication 
system, and more specifically, to automatic gain control in 
a receiver of a multiple-antenna system. 

[0004] 2. Description of the Prior Art 

[0005] wireless local area networks (WLANs) are ever increasingly 
being used in network environments where mobility is of 
importance. Orthogonal frequency division multiplexing 
(OFDM) is a well-known concept used in implementing 
WLAN system. A typical WLAN employing OFDM can 



achieve a maximum data transfer rate of 54Mbps per 
client, which is significantly less than the wire-based LAN 
capability of between 100Mbps to lOGbps. This 54Mbps 
transfer limit for WLANs is a consequence of current tech- 
nological limitations and regulation, such as that accord- 
ing to IEEE 802.11a or 802. llg for example. For conven- 
tional WLANs, the advantage of mobility can be enhanced 
by an improvement in data rate. 
[0006] pig.l illustrates a convention WLAN 10 including an access 
point 12, a first user terminal 14, and a second user ter- 
minal 16. The WLAN 10 is very much typical of an IEEE 
802.11a or 802. llg implementation. The access point 12 
includes four antennas (or antenna pairs) for communi- 
cating data with the terminals 14, 16, the first user termi- 
nal 14 having a single antenna and the second user termi- 
nal 16 having two antennas. In the access point 12, a sin- 
gle antenna is used to communicate with the first user 
terminal 14, and two antennas are used to communicate 
with the second user terminal 16 over three frequency 
bands in total. 

[0007] pig. 2 illustrates the frequency band assignment of the 

WLAN 10 of Fig.l. As each antenna operates in a distinct 
frequency band, the first user terminal 14 uses a first fre- 



quency band, while the second user terminal 16 uses sec- 
ond and third frequency bands. Thus, in accordance with 
the above-mentioned 54Mbps transfer rate limitation, the 
first user terminal 14 and second user terminal 16 have 
maximum data rates of 54Mbps and 108Mbps respec- 
tively. Increasing these data rates can only be facilitated 
by increasing the number of antennas in the user termi- 
nals 14, 16 and consequently increasing the number of 
available frequency bands. In addition, if the WLAN 10 has 
only three frequency bands available for use, the access 
point 12 is encumbered with an extra antenna that cannot 
be used to communicate with another user terminal. 
[0008] Frequency band assignments for WLANs are set forth in 
IEEE standards 802.11a and 802. llg, for example. Ac- 
cording to IEEE Std 802.11a-1999, the 5Ghz band com- 
prises 12 frequency bands for data communication. Simi- 
larly, the 2.4Ghz band of IEEE 802. llg offers three fre- 
quency bands. Following these specifications, prior art 
implementations have been constrained to one band per 
antenna and the resulting 54Mbps maximum data rate per 
band. 

[0009] Automatic gain control of receiver amplifiers in the prior 
art system of Fig.l can be performed with the methods 



and circuitry disclosed in US 6,363,127 and US 6,574,292, 
which are included herein by reference. However, the prior 
art does not teach automatic gain control in an OFDM re- 
ceiver having multiple antennas and corresponding data 

paths for a single frequency band. 
Summary of Invention 

[0010] it is therefore a primary objective of the claimed invention 
to provide a method for automatic gain control (AGC) in 
an orthogonal frequency division multiplexing (OFDM) re- 
ceiverhaving receiver antennas that receive signals via a 
single frequency band. 

[0011] Briefly summarized, the claimed invention method in- 

cludesamplifying the plurality of received signals, gener- 
ating a plurality of time domain samples of the amplified 
signals with at least an analog-to-digital converter (ADC), 
determining at least a candidate power according to root- 
mean-square (RMS) powers of a first group of symbols re- 
ceived at the receiver antennas, and setting the gain of 
the amplifier according to a selected candidate power with 
the processor. 

[0012] According to the claimed invention, the received RMS 

power for one antenna is determined as the square root 
of: the product of a real part and a complex part of each 



received symbol averaged for all symbols of the first 
group. 

[0013] According to the claimed invention, candidate powers for 
a second group of antennas can be: an RMS value of the 
RMS powers for each antenna, an average of the RMS 
powers for each antenna, or a geometric mean of the RMS 
powers for each antenna. Further, the second group can 
be: all receiver antennas, receiver antennas having RMS 
powers greater than a first threshold, receiver antennas 
having RMS powers less than a second threshold, or re- 
ceiverantennas having RMS powers within a predeter- 
mined range spanning a mode of RMS powers of all an- 
tennas. 

[0014] | t j S an advantage of the claimed invention that the candi- 
date power is determined according to the RMS power of 
the first group of symbols. 

[0015] it is a further advantage of the claimed invention that the 
candidate power can be further determined according to a 
plurality of methods, with the most suitable candidate 
power being used to set the gain of the amplifier. 

[0016] These and other objectives of the claimed invention will 
no doubt become obvious to those of ordinary skill in the 
art after reading the following detailed description of the 



preferred embodiment that is illustrated in the various 

figures and drawings. 
Brief Description of Drawings 

[0017] pig.l is a block diagram of a prior art WLAN. 

[0018] pig. 2 is a schematic diagram of frequency band use in the 
WLAN of Fig.l. 

[0019] Fig. 3 is a schematic diagram of signal transmission be- 
tween multiple transmitter and receiver antennas. 

[0020] Fig. 4 is a block diagram of a communication system ac- 
cording to the present invention. 

[0021] Fig. 5 is a block diagram of the receiver of Fig. 4. 

[0022] Fig. 6 is a block diagram of signals transmitted in the 

communication system of Fig. 4. 
[0023] Fig. 7 is a block diagram of a WLAN according to the 

present invention. 
[0024] Fig. 8 is a schematic diagram of frequency band use in the 

WLAN of Fig. 7. 

[0025] Fig. 9 is a block diagram of a receiver capable of automatic 
gain control according to the present invention. 

[0026] Fig. 10 is a plot of antenna count for RMS powers of the 
receiver of Fig. 9. 

[0027] Fig. 11 is another plot of antenna count for RMS powers of 



the receiver of Fig. 9. 

[0028] Fig. 12 is a flowchart of an automatic gain control method 

of the gain processor of Fig. 9. 
Detailed Description 

[0029] General Configuration: 

[0030] please refer to Fig. 3, which is a schematic diagram illus- 
trating signal transmission and reception in a multiple 
transmitter/receiver antenna application. When a group of 
signals s -s is transmitted along the pathways, h etc, 
shown, they are substantially simultaneously received as 
signals r -r after undergoing inter-antenna interference. 

1 M 

Generally, for M transmitters and receivers, such trans- 
mission and interference can be described by the channel 
impulse response matrix as follows: 
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[0031] W here 

[0032] h is a channel impulse response, and 

[0033] m is a total number of antennas in the transceiver. 

[0034] The digits of the index of each channel impulse response 
value, h, respectively indicate the receiver and transmitter 
antennas defining such channel. For example, the channel 
impulse response value corresponds to the channel 
from a second transmitter antenna to a first receiver an- 
tenna. The channel impulse response matrix (1) relates 
transmitted and received signals as follows: 

[0035] r =h*s+n, (2) 



[0036] W here 

[0037] r is a vector comprising the received signals [r r ...r ] T , 

[0038] s j S a vector comprising the transmitted signals [s i s 2 ...sj 
T ,* is the convolution calculation, and 

[0039] n j S a vector comprising noise affecting each receiver [n n 
2 ...nJ T , which can be neglected. 

[0040] The matrix (1) and relation (2) apply to orthogonal fre- 
quency division multiplexing (OFDM) wireless local area 
network (WLAN) system. In the following description, the 
present invention provides a receiver and a method that 
effectively estimate the channel impulse response matrix 
(1) by way of an example of an OFDM WLAN receiver ac- 
cording to the IEEE 802.11a or 802. llg standards. It 
should be noted that in this description and in the figures, 
capital letter notation refers to the frequency domain, 
while lower case letter notation refers to the time domain, 
as is well know in the art. 

[0041] Referring to Fig. 4, a communication system 20 according 
to the present invention is illustrated. The communication 
system 20 comprises a transmitter 30 and a receiver 50 
capable of operating on a single frequency band. The 
transmitter 30 accepts data 22 for transmission at a serial 



to parallel interface 32. The serial to parallel interface 32 
is connected to a plurality of OFDM modules each com- 
prising an OFDM transmitter 34, transmitter RF module 
36, and a transmitter antenna 38 adapted to transmit RF 
signals. The transmitter 30 is capable of processing the 
data 22 and transmitting corresponding signals by each 
antenna 38 to the receiver 50, as shown in Fig. 4 by lines 
indicating intended RF data transmissions 24 and inter- 
antenna interference 26. The receiver 50 includes a plu- 
rality of OFDM modules each comprising a receiver an- 
tenna 58, receiver RF module 56, and an OFDM receiver 
54. The OFDM receivers 54 are adapted to output signals 
to a connected channel compensation module 60 and 
channel estimation module 62. The channel compensation 
module 60 is connected to a parallel to serial interface 52 
that outputs the transmission data 22. The channel com- 
pensation and estimation module 60, 62 work in conjunc- 
tion to eliminate the effects of inter-antenna interference 
26 such that the data 22 can be accurately received at the 
receiver 50. 

[0042] As established by the OFDM receivers 54, the channel 

compensation and estimation modules 60, 62 operate in a 
frequency domain. In the frequency domain portions of 



the communication system 20, matrix (1) becomes a 
channel frequency response matrix as follows: 
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[0043] where the digits of the first index of each channel fre- 
quency response value H respectively indicate the receiver 
and transmitter antennas 56, 36 defining such channel, M 
being the total number of antennas defined. For example, 
the channel frequency response value H corresponds to 
a first receiver antenna 56 and a second transmitter an- 
tenna 36. The channel frequency response matrix (3) re- 
lates transmitted and received signals as follows: 



R..L=H l .SL. k +N. iki 



(4) 



[0044] W here 

[0045] R \ s a vector comprising the received signals [R R 

- - - R ] , 

2,n,k M,n,k 

[0046] s is a vector comprising the transmitted signals [S S 

l,n,k 

...s ] , 

2,n,k M,n,k ' 

[0047] jv is a vector comprising noise affecting each channel [N^ ^ k 
N ...N ] T , and can be neglected, 

2,n,k M,n,k 

[0048] n j S an index of an OFDM symbol, and 
[0049] k j S an index of a sub-channel. 

[0050] Regarding equation (4), OFDM symbols are received over 
time by the OFDM receivers 54 of the receiver 50 and are 



accordingly indexed as n. That is, each OFDM symbol is 
assigned an index n based on its relative position in time. 
Moreover, although the receiver 50 operates in a single 
frequency band, the OFDM receivers 54 allow for multiple 
sub-channels as indexed by k. The transmitter 30 and re- 
ceiver 50 of Fig. 4 are bound by the equation (4), with the 
channel estimation module 62 estimating the channel fre- 
quency response matrix (3) and the channel compensation 
module 60 applying the estimated channel frequency re- 
sponse to facilitate exact communication of the data 22. 
[0051] The channel estimation module 62 generates an estimate 
of the channel frequency response matrix (3) by perform- 
ing a calibration comparing known original transmission 
signals with signals received at the receiver 50. That is, 
known calibration signals are transmitted separately or as 
part of a data transmission, with the received versions of 
these calibration signals being compared to the originals 
to determine what compensation must be applied to the 
data signals. For each sub-channel, k, an inversable cali- 
bration matrix is defined as follows: 



(5) 



[0052] referencing a long preamble symbol l_ k , such as that de- 
fined in the IEEE 802.11a or 802. llg standards, and an 
inversable linear combination matrix such as: 



'1 0 
0 1 

0 0 



where c' 1 = c. 



(6) 
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[0053] anc | w j S the root of 1 + oj + ... + oj M 1 = 0, or 



c=C M = 



c - c 



, where c H =^C M; 



(S) 



[0054] c =1, and M is multiple of 2. 

[0055] The calibration matrix (5) is related to the long preamble 
symbol and an inversable linear combination matrix (6), 
(7), or (8), for example, by: 

[0056] p =|_ . c (9) 
k k 

[0057] W here 

[0058] |_ is the long preamble symbol. 

[0059] N 0 te that the indices of the calibration matrix (5) receiver 
antenna number, OFDM symbol number n, and sub- 



channel k. Any calibration data can be used provided that 
it forms an inversable matrix, the above inversable linear 
combination matrices (6), (7), or (8) being given as exam- 
ples. Furthermore, it is advantageous to select the calibra- 
tion data such that the calibration matrix (5) has fewer 
unique elements than transmitter-receiver antenna com- 

2 

binations, M , so as to reduce hardware complexity and 
cost. 

[0060] The channel estimation module 62 calculates the estimate 
of the channel frequency response according to the fol- 
lowing: 

tt,=\ p;', (io) 



[0061] W here 



[0062] . j S an estimate of the channel frequency response matrix 

k 

H(3) for a sub-channel k, and 
[0063] . j S the calibration data P as received at the receiver 50 

k k 

affected by inter-antenna interference. 
[0064] prom equation (10) it can be seen that if there is no inter- 
antenna interference 26 in the communication system 20, 
the transmitted calibration data □ is equal to the refer- 

k 

ence calibration data P , and the estimate of the channel 

k 

frequency response matrix ■ becomes the identity matrix. 

k 

In this special case, equation (4) illustrates that the re- 
ceived signals are exactly the transmitted signals 
(neglecting noise). In a practical case, where inter-antenna 
interference 26 exists, the channel estimation module 62 
provides a suitable estimate of the frequency responses 
according to the aforementioned calibration and equation 
(10). 

[0065] Once the channel estimation module 62 determines a 

suitable estimate for the channel frequency response ac- 
cording to equation (10), the channel compensation mod- 
ule 60 effects the estimate such that: 



(ID 



[0066] W here 

[0067] ■ is a vector comprising an estimate of the originally 

K 

transmitted signals, and ideally equal to 5 of equation (4). 
[0068] Referencing Fig. 4 and Fig. 5 and equations (5) through 
(10), operation of the present invention communication 
system 20 will now we described in detail. The data 22 to 
be transmitted is configured such that a portion of it 
comprises predetermined calibration data as the in- 
versable calibration matrix P (5), (9). This can be ar- 

k 

ranged in several ways, which will be discussed further. 
The transmitter 30 configures the data 22 as OFDM sig- 



nals and then transmits these signals 24 via antennas 38 
over a single frequency band. Each receiver antenna 58 
receives the transmitted signals, which have been affected 
by inter-antenna interference 26, and forwards them to 
the channel estimation module 62. The channel estima- 
tion module 62 extracts the received calibration data ■ 

k 

and compares it with the original calibration dataP k - In a 
preferred embodiment of the receiver 50 as shown in 
Fig. 5, a generator 64 of the estimation module 62 ex- 
tracts the received calibration data ■ , and a matrix multi- 

k 

plier 66 multiplies the received calibration data ■ with the 

Ix 

inversed original calibration matrix P to determine the 
estimation of the channel frequency response matrix ■ , 

Ix 

equation (10). If required by specific applications, the 
channel estimation module 62 can include further matrix 
manipulation elements such as a matrix inverter. Finally, 
the estimation module 62 forwards the estimated channel 
frequency response matrix- to the channel compensation 

k 

module 60, which applies the estimate to the received 
signals R to output the estimate of the transmitted sig- 

Ix 

nals- as in equation (11). Note that either the channel es- 

Ix. 

timation module 62 or the channel compensation module 
60 inverses the channel frequency response matrix- . In 



practical application under correct operating conditions, 
the estimated signals ■ will be equivalent to the originally 

k 

transmitted signals S . 
[0069] | n an alternative embodiment, an inverse of the channel 
frequency response matrix is applied such that equations 
(10) and (11) become: 



[0070] W here 



is the inverse of the estimated channel frequency re- 
sponse matrix ■ (3). 
[0071] | n t his alternative embodiment, inversion of the estimated 
channel frequency response matrix (3) is not required as 
in equation (11), however, the received calibration data 
matrix □ must be inverted instead. This alternative em- 

k 

bodiment has advantages in specific implementations of 
the present invention. 
[0072] Referring to Fig. 6, signals 70 of the communication sys- 
tem 20 according to an IEEE 802.11a or 802. llg format 
are illustrated. Pilot segments 72 of these signals 70 are 
used to carry the calibration data of the matrix (5), and 



data segments 47 are arranged after the pilot segments 
72 for transmitting user data. The compositions of the pi- 
lot segments 72 and the data segments 74 are varied ac- 
cording to the associated transmitter. Such a signal con- 
figuration serves as an example, and naturally, others are 
suitable as well. 

[0073] The present invention communication system 20 can be 
readily incorporated into a WLAN 80 as shown in Fig. 7. 
The WLAN 80 includes an access point 82 having four an- 
tennas and related transmitter and receiver module (see 
Fig. 4), and first, second, and third user terminals 84, 86, 
88 each having corresponding transmitter and receiver 
module. However, in contrast to the conventional WLAN 
10 of Fig.l, a limited number of frequency bands (three, 
in Fig. 8) does not result in a corresponding limit in data 
transfer rate. The second user terminal 86 communicates 
with the access point 82, through a system such as that of 
Fig. 4 having two transmitter and receiver antennas using 
a single frequency band. That is, two antennas of the ac- 
cess point 82 and the corresponding two antennas of the 
second user terminal 86 are able to share the same fre- 
quency band as the access point 82 and second user ter- 
minal 86 employ the channel compensation module 60 



and channel estimation module 62 of the present inven- 
tion. By sharing a single frequency band, another fre- 
quency band becomes available for the third user terminal 
88. Fig. 8 illustrates the frequency band assignments of 
the present invention WLAN 80. The second user terminal 
86 effectively achieves the same data rate as if it were uti- 
lizing two separate frequency bands (as in prior art Fig. 2). 
[0074] Generally, increasing the number of antennas for each 

frequency band increases the total available data transfer 
rate. The present invention is not limited by the number 
of frequency bands available, and if higher transfer rates 
are required, more antennas are used. An access point ac- 
cording to the present invention can employ any number 
of antennas and supporting hardware for switching the 
active frequency bands of the antennas so as to commu- 
nicate in a flexible way with clients having numerous and 
varied antenna configurations. For example, an access 
point having eight antennas could communicate with two 
clients, each having four antennas, using only two fre- 
quency bands. The resulting data transfer rate for each 
client would be equivalent to that when using four distinct 
frequency bands per client. In a changing WLAN environ- 
ment, the same access point could support one to eight 



clients, the transfer rate of each client being limited pri- 
marily its number of antennas. Of course, if necessary, an 
access point implementing the present invention could 
also assign more that one frequency band to a given client 
as in the prior art. The present invention, thus, eliminates 
the data transfer bottleneck caused by a limited number 
of frequency bands. 
[0075] Automatic Gain Control: 

[0076] please refer to Fig. 9 illustrating an automatic gain control 
(AGC) structure of a receiver 100 according to the present 
invention. Fig. 9 depicts structure of Fig. 5 that relates to 
automatic gain control, and other previously described 
components such as the channel estimation module 62 
have been omitted only for concise explanation. In Fig. 9, 
AGC-capable receiver RF module 156 replaces the previ- 
ously described receiver RF module 56, and a gain pro- 
cessor 162 is further provided. Each receiver RF 156 in- 
cludes an amplifier 158 and an analog-to-digital con- 
verter (ADC) 160. The gain processor 162 receives the 
digital output of each ADC 160 and determines a suitable 

gain A to apply to the amplifier 158 in the 3th receiver RF 
p 

module. The structure and operation of the gain processor 
162 is described in the following. 



[0077] Referring back to equation (2), the received signal at a re- 
ceiver antenna 3 can be described in the time domain as: 



[0078] W here 

[0079] p j S the receiver antenna number, 1~M, 

[0080] r ^j S the received signal at the receiver antenna Pin the 

time domain, 
[0081] n j S an index of an OFDM symbol, 

[0082] a j S the transmitter antenna number, 1~M, 

[0083] s j s the transmitted signal at the transmitter antenna a in 
the time domain, 



[0084] ^ is a channel impulse response from the transmitter 

antenna a to the receiver antenna 3, see equation (1), 
[0085] n j S noise affecting at the receiver 3, and 



[0086] s j S a short preamble symbol. 

SHORT 

[0087] when performing AGC according to the present invention, 
known short preamble symbols are used as the transmit- 
ted signal, this corresponding to the right side of equation 
(12). When such known short preamble symbols are used, 
the receiver 100 can accurately determine root- 
mean-square (RMS) powers of the received signals. 

[0088] a received signal RMS power is determined for the 

short preamble symbols for each receiver antenna 3 ac- 
cording to: 



[0089] where, 

[0090] |_ j S the total number of short preamble symbols consid- 
ered, and* indicates the complex conjugate operation. 

[0091] Fig. 10 illustrates a plot of antenna count versus deter- 
mined RMS power from equation (13), in which the vertical 
bars represent the amount of antennas having substan- 
tially the same RMS power. That is, the total number of 
antennas in all bars is the total number of antennas in the 
receiver 100. Fig. 10 also shows an arbitrary group of Z 
selected antennas that will be discussed further. 

[0092] The received signal RMS powers F can be combined in the 



following three ways for a predetermined set of Z anten- 
nas to determine three candidate powers: 



F t = n'FUZ, which is a further RMS calculation, ( 1 4) 



, which is an arithmetical mean, (15) 



, which is a geometric mean. (16) 



[0093] Then, a single candidate power is selected to determine 
the gain A for the amplifiers 158, which is determined 
by: 



A fi = FJ7 S ,$=UM, 



[0094] W here 



[0095] f q is a target power, and 



is the selected candidate power, S = 1, 2 or 3. 

[0096] Referring to Fig. 11, the set of Z antennas can be selected 
according to four groups: all M receiver antennas, receiver 
antennas having an RMS power (13) above a first thresh- 
old, receiver antennas having an RMS power (13) below a 
second threshold, or receiver antennas having an RMS 
power within a predetermined range spanning the mode 
(most common RMS power) of the RMS powers. 

[0097] Overall there are twelve combinations of three candidate 
powers (14), (15), (16) and the four possible groups of 
antennas. Selecting which the three candidate powers 
(14), (15), (16) are to be calculated and for which groups 



of antennas depends on the specific application and can 
be determined by one skilled in the art at the time of im- 
plementation. Selecting which combination of the imple- 
mented combinations is to be used to set the gain of the 
amplifiers 158 is according to a predetermined selection 
rule, such as selecting the maximum value. 

[0098] Fig. 12 illustrates a flowchart 200 of an exemplary method 
of performing automatic gain control according to the 
above. For each receiver antenna, short preamble symbols 
are received in step 204 and are cycled through in steps 
208 and 210, and an RMS power is totaled in step 206. 
This realizes equation (13) for all antennas and deter- 
mines all information necessary for the plots of Fig. 10 and 
Fig. 11. Candidate powers according to any of equations 
(14), (15), and (16) are determined in step 218. Once all 
candidate powers have been determined, step 224 selects 
the candidate power according to the predetermined se- 
lection rule and then sets the gain of the amplifiers 158 
accordingly referencing the target power by (17). The pro- 
cess illustrated by the flowchart 200 is implemented in 
the gain processor 162. 

[0099] Naturally, the above method and formulas can be imple- 
mented in the gain processor 162 in another well-known 



manner, such as with electronically tabulated data or al- 
gorithm. Preferably, several candidate powers, if not all, 
are determined. Furthermore, the short preamble need 
not be used if another suitable substitute signal is avail- 
able. 

[0100] | n contrast to the prior art, the present invention method 
allows automaticgain control for multiple OFDM modules 
receiving data on a single frequency band. A gain proces- 
sor is provided for measuring RMS powers of short 
preamble symbols, determining candidate powers, and 
setting the gain of the receiver amplifiers. Thus, efficient 
and robust automatic gain control is realized in a multiple 
OFDM module receiver. 

[0101] Those skilled in the art will readily observe that numerous 
modifications and alterations of the device may be made 
while retaining the teachings of the invention. Accord- 
ingly, the above disclosure should be construed as limited 
only by the metes and bounds of the appended claims. 



